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Abstract 

Enhanced outgassing of sequestered carbon to the atmosphere by upwelling of deep water in the 

Southern Ocean during the last deglaciation is assumed to be the main factor that modulated changes 

in atmospheric CO2 and atmospheric radiocarbon activity; however, the exact mechanism behind this 

deglacial CO2 release still remains unclear. In this study, we have investigated ventilation changes in 

the deep waters of the northern Indian Ocean over the past 25 kyr BP using paired benthic and planktic 

foraminiferal radiocarbon, along with stable carbon and oxygen isotopes of benthic foraminifera, 

sedimentary CaCO3, content and coarse fraction from the gravity core SSD-044/GC-01(3160 m water 

depth) collected from Central Equatorial Indian Ocean. The results indicate greater proportion of 

southern sourced CO2-rich, poorly-ventilated Antarctic Bottom Water (AABW) during the Last 

Glacial Maximum (LGM) and Heinrich Stadial (HS1), in the northern Indian Ocean.  The observed 

poor ventilation during the last glaciation show that the northern Indian Ocean was a part of the glacial 

ocean aged carbon pool. Improved ventilation during the Bølling-Allerød (B-A) is consistent with 

rapid resumption of Atlantic overturning circulation and inflow of North Atlantic Deep Water 

(NADW) into the northern Indian Ocean at the onset of the B-A, which caused flushing of the deep-

carbon pool with evidence of degassing from the northern Indian Ocean. This study thus supports the 

role of Southern Ocean in modulating atmospheric CO2 variations during the last deglaciation.   

Keywords: radiocarbon, northern Indian Ocean, foraminifera, deglaciation, ventilation age, last 

glacial maximum. 

 

 

 

 

 

 

mailto:nisha.121kumari@gmail.com
mailto:sushant@nio.org


1. Introduction  

Deep-water being the largest reservoir of carbon at the Earth’s surface, plays a very important role in 

modulating and regulating Earth’s climate as it redistributes heat and influences the ocean-atmosphere 

CO2 cycle (Sigman and Boyle, 2000). Deep waters formed at high latitudes of the North Atlantic, are 

then exported southwards where they mix and upwell in the Southern Ocean. The Southern Ocean is 

the region where deep water makes its first contact with the sea surface and the atmosphere (Primeau, 

2005) and ventilates much of the respired carbon to the atmosphere. Hence, the Southern Ocean is 

considered to have played a crucial role in past atmospheric CO2 fluctuations. It is known that during 

the northern hemispheric stadials: Henrich Stadial 1(HS1) and Younger Dryas (YD), there was an 

abrupt increase in atmospheric CO2 (Monnin et al., 2001). Along with this increase in atmospheric 

CO2, there was a sudden drop in atmospheric radiocarbon activity (Δ14C; Hughen et al, 2006; Reimer 

et al., 2020).  

The mechanism for such atmospheric changes still remains uncertain. One of the possible sources for 

this drop in atmospheric Δ14C is assumed to be enhanced upwelling of 14C depleted CO2-rich water 

from the Southern Ocean during the last deglaciation (Marchitto et al., 2007; Anderson et al., 2009; 

Skinner et al., 2010; Burke and Robinson, 2012; Skinner et al., 2015). According to this so-called 

‘Southern Ocean upwelling’ hypothesis, during the last glaciation, the air-sea exchange in the Southern 

Ocean decreased due to factors like sea-ice cover (Stephens and Keeling, 2000), density stratification, 

and displacement of westerly winds (Toggweiler et al., 2006), which led to the isolation of deep water 

from the upper ocean and resulted in greater carbon storage in the glacial deep waters (Skinner et al., 

2010; Burke and Robinson, 2012; Skinner et al., 2015; Ronge et al., 2016; Sikes et al., 2016). 

Continuous decay of radiocarbon due to restricted interaction with the atmosphere caused 14C depletion 

in these isolated waters. Retreat of Antarctic sea-ice and southwardly shift of polar westerlies 

(Toggweiler et al., 2006) during the deglaciation led to enhanced upwelling of these old, carbon-rich 

deep waters and released the 14C depleted CO2 into the atmosphere (Anderson et al., 2009; Skinner et 

al., 2010).  

One possible way of testing the ‘Southern Ocean upwelling’ hypothesis is to reconstruct past ocean 

ventilation changes, i.e. the rate at which atmosphere and oceanic interior exchange gases, which can 

be directly estimated from its radiocarbon content. The difference between the 14C age of paired 

bottom-dwelling benthic and surface-dwelling planktic foraminifera provides the past changes in 

ventilation rate (Broecker et al., 1984; Broecker et al., 1990). It also indicates the extent of mixing of 

deep water with surface water. When there is lesser mixing between deep and surface water, the 

radiocarbon (and therefore CO2) exchange between these water masses also decreases, which will 



result in a longer carbon sequestration time in the deep waters, making it radiocarbon depleted and 

hence the ventilation ages (the difference between 14C ages of benthic and planktic foraminifera) will 

be high, and vice versa. Similarly, the difference between the radiocarbon of deep water and the 

atmosphere provides an insight into carbon exchange between the atmosphere and the marine carbon 

pool. Thus, ventilation changes can be used as markers for past ocean circulation and climatic changes. 

Numerous studies have been carried out in the Atlantic and Pacific Ocean, which investigated changes 

in intermediate and deep water radiocarbon content since the Last Glacial Maximum (LGM). Previous 

deep-water studies from the Atlantic and Pacific have suggested that glacial deep waters were 14C 

depleted (i.e. poorly ventilated) (Skinner and Shackleton, 2004; Galbraith et al., 2007; Barker et al., 

2010; Burke and Robinson, 2012; Skinner et al., 2014). Studies from the intermediate water depths 

have shown an existence of poorly ventilated water mass in the Southern Ocean during the LGM, 

which was transported to the other oceans via the Antarctic Intermediate water mass (Marchitto et al., 

2007; Bryan et al., 2010; Siani et al., 2013; Freeman et al., 2015; Ma et al., 2019). Such evidences 

from the Indian Ocean providing the Southern Ocean's role in atmospheric 14CO2 fluctuations are few. 

The Indian Ocean being solely ventilated from the south because of no deep-water formation, could 

be a suitable location to deduce the role of the Southern Ocean on past atmospheric CO2 variability. 

There have been limited studies from the Indian Ocean that attempted to reconstruct the changes in 

radiocarbon distribution from intermediate waters (Bryan et al., 2010; Ma et al., 2019). These studies 

suggest the incursion of 14C-depleted Antarctic Intermediate Water (AAIW) in the Indian Ocean during 

the deglaciation (HS1 and YD). This 14C depletion in AAIW was because of mixing of old isolated 

abyssal water in south of the sub-Antarctic frontal zone. Interestingly, Naik et al., (2015) have reported 

outgassing of CO2 during the last deglaciation, possibly indicating release of sequestered carbon from 

intermediate water to the surface. Studies from the Indian sector of the Southern Ocean have shown 

that the Indian Ocean was part of a glacial aged carbon pool and suggested these 14C depleted, CO2-

rich waters from the southernmost Indian Ocean contributed to atmospheric CO2 rise during the 

deglaciation (Ronge et al., 2020; Gottschalk et al., 2020) albeit differing on the timing of CO2 release 

within the last deglaciation. . Though some studies have been carried out for deep water 

paleoceanographic changes in the northern Indian Ocean using stable isotope and geochemical tracers 

as a proxy (Kallel et al., 1988; Naqvi et al., 1994; Piotrowski et al., 2009; Ahmad et al., 2012; Singh 

et al., 2012; Chandana et al., 2017; Lathika et al., 2021; Bang et al., 2021), studies on radiocarbon 

changes in the deep water of Indian Ocean are limited (Naik and Nisha, 2020; Bharti et al., 2022).  In 

this study, we have reconstructed ventilation changes in deep water of the northern Indian Ocean for 

the last 25 kyr using radiocarbon measurements from core SSD-044/GC-01. Results show evidence 



for reduced ventilation in the Indian Ocean during the LGM and beginning of deglaciation (HS1) 

compared to the modern ocean and enhanced ventilation after ~14 kyr. Our results clearly support the 

role of the Southern Ocean in atmospheric CO2 variation during the last deglaciation. 

2. Material and methods 

2.1 Study Area 

The hydrography of the Indian Ocean is quite unique and different from the rest of the oceans. Surface 

hydrography is driven by the seasonal reversal of wind circulation during the monsoon. During 

summer monsoon (June-September) winds blow in the south-west (SW) direction whereas during 

winter monsoon winds blow in the north-east (NE) direction (Schott and McCreary, 2001). In response 

to wind, the surface water circulation also changes in the northern Indian Ocean. The surface water 

upto 150 m is comprised of a mixture of Arabian Sea High Saline Water (ASHSW) and low saline 

Bay of Bengal surface water. The intermediate depth of the northern Indian Ocean is occupied by 

northern sourced high saline Red Sea-Persian Gulf Water. Red Sea Water is found at depths of 600-

800 m, whereas Persian Gulf Water is found at about 250-300 m.  This northward flow of Red Sea-

Persian Gulf Water is compensated by southern sourced AAIW, which is the dominant intermediate 

water mass in the Indian Ocean and is found up to 1500 m. Indian Indonesian Water from the Pacific 

Ocean enters the Indian Ocean at depths of 500-1500 m. Under modern conditions, deep water in the 

Indian Ocean is ventilated by southern sourced Circumpolar Deep Water (CDW), which is a mixture 

of well-ventilated, high-13C, nutrient-poor North Atlantic Deep Water (NADW), and poorly ventilated, 

CO2 and nutrient-rich Antarctic Bottom Water (AABW) (You et al., 2000). The northward flowing 

CDW after entering the Indian Ocean flows through three different paths; western pathway - Deep 

Western Boundary Current (DWBC), the central pathway, and one along the ninety-east ridge 

(Piotrowski et al., 2009). The Upper Circumpolar Deep Water (UCDW) is mainly composed of 

NADW and a lesser fraction of AABW. It flows between a water depth of 2-3.8 km. Below 3.8 km is 

the Lower Circumpolar Deep Water (LCDW), which has AABW as a major component and a small 

proportion of NADW. 

The gravity core SSD-044/GC-01 was raised from a water depth of 3160 m during the RV Sindhu 

Sadhana cruise No. 44 from the northern Indian Ocean (4.99° N; 76.99° E) (Fig. 1a and b), within the 

Central Indian Basin. At present, the core is ventilated by a water mass primarily sourced from the 

northward circulating UCDW, which has a greater component of NADW (Piotrowski et al., 2009). 

The region is affected by the seasonal reversal of boundary currents. The sediment core was sub-

sampled at 1 cm interval to a length of 100 cm. The samples were oven dried for 24 hrs at a temperature 



of 50-60° C. The weight of the dried samples was measured and then were soaked for 24 hrs in 100 

mL distilled water for the samples to disintegrate. The disintegrated samples were wet sieved through 

a 63 µm mesh in order to remove clay particles. Washing of the samples was done carefully to avoid 

breakage of foraminifera. The retained coarse fraction (>63 µm) was collected in a beaker and kept in 

an oven at 60° C for drying. The dried coarse fraction was then collected in 10 mL vials.  

2.2 Radiocarbon measurements for age model and ventilation ages 

Radiocarbon dates were obtained using paired samples of mixed-species of benthic foraminifera 

(excluding pyrgo and agglutinated species), and mono-species planktic foraminifera (Globigerinoides 

ruber). In a few cases of planktic foraminifera Globigerinoides quadrilobatus was also picked to obtain 

the required weight for AMS analysis (~13 mg). For radiocarbon measurement, a representative aliquot 

of the coarse fraction was dry-sieved through a >250 µm sieve, from which paired intact benthic and 

planktic foraminifera were handpicked using a stereozoom microscope, and wherever the picked 

sample weight was < 13 mg, foraminifera from size fraction 150-250 µm were also picked. For some 

benthic samples, specimens from two adjoining intervals were combined to attain the sufficient weight 

for AMS dating. AMS 14C dates were measured at the Inter-University Accelerator Centre (IUAC), 

New-Delhi, India. Radiocarbon ages for the core SSD-044/GC-01 are summarized in supplementary 

data (Table 1 and 2, supplementary material; Fig. 2a). Here the ventilation ages of deep water are 

reported as radiocarbon age which is the difference between paired bottom-dwelling benthic 

foraminifera and surface-dwelling planktic foraminifera (B-P) based on Broecker et al., (1984) which 

represents sub-surface radiocarbon age offset. 

2.3 Age Model 

The age model for the top 100 cm of the core was established from the AMS 14C dates derived from 

planktonic foraminifera from a size fraction of >250 µm (Table 1, supplementary material) We have 

used an age-depth modelling routine named Undatable, which is developed in MATLAB and uses 

Bayesian radiocarbon (14C) calibration software (MatCal) (Lougheed and Obrochta, 2019).  These 14C 

ages based age models were calibrated using IntCal20 calibration data. Downcore median ages, 

confidence intervals, and a density cloud that displays the most likely regions of age‐depth probability 

were calculated by linearly interpolating all nsim number of unique age‐depth (Lougheed and 

Obrochta, 2019) runs to 1 depth unit resolution (e.g., cm), and then computing the 1st to 99th 

percentiles of the ages corresponding to each depth unit. Darker regions of the density cloud are closer 

to the 50th percentile (Fig. 2b). A reservoir correction of  ΔR = -91 ± 25 years was used (Dutta et al., 

2001; Southon et al., 2002). A few of the AMS 14C dates were adopted from Yadav et. al., (2021), and 



re-calibrated using the above procedure. The average sedimentation rate of the core is ~3.5 cm/year 

(Fig. 2c)  

2.4 Total Inorganic Carbon (TIC) 

Total Inorganic Carbon analysis was done on 10-12 mg of finely ground sediment samples using UIC 

CM5015 Coulometer. The values are reported as percentage of CaCO3.  Replicate analysis on ten 

samples yielded a repeatability of ±2 %.  

2.5 Stable Carbon and Oxygen Isotope 

Stable carbon and oxygen isotopes were generated using epifaunal benthic foraminifera Cibicidoides 

wuellerstorfi. For each interval, 3-5 well-preserved foraminifera (>250 µm), with no apparent 

dissolution, were picked. Isotopic measurement was performed on a Thermo Finnigan Gas Bench II, 

equipped with a CTC auto-sampler and coupled to a Delta Plus XP Mass Spectrometer with a precision 

better than ±0.06 ‰ for δ13C and ±0.08 ‰ δ18O. Calibration was carried out against V-PDB (Vienna 

Pee Dee Belemnite) standard using an in-house dolomite standard subsequent to linearity correction 

that has been calibrated against NBS-18 and NBS-19 reference standards. 

2.6 Coarse Fraction 

The coarse fraction content in all the samples was calculated as the weight of the dried coarse fraction 

(>63 µm) divided by the total weight of the dry sediment multiplied by hundred. 

3. Results 

The reconstructed benthic-planktic (B-P) ventilation ages for deep waters suggest that there have been 

significant changes in deep-water ventilation during the last 25 kyr (Fig. 3a). The apparent age 

difference between coexisting benthic and planktic foraminifera was ~2500 to 3000 14C years during 

the LGM (~24 -17.5 kyr BP) indicating poorly ventilated water at the core location. The ventilation 

age remained high during the HS1 (~17.5-14.5 kyr BP) and was around 3000 14C years, indicating 

lowered radiocarbon activity of deep water. At the start of the Bølling-Allerød (B-A; ~14.5-12.8 kyr 

BP), there was an abrupt reversal in the ventilation age of deep water. The ventilation age significantly 

decreased to as low as ~1500 14C years indicating better ventilated deep water at that time.  During the 

YD (~12.8-11.5 kyr BP) there was a small increase of ~300 14C years in the ventilation age, which 

further showed a decrease during the Holocene and was ~1500 14C years, indicating relatively better 

ventilation of water. 

Calcium carbonate content of sediment complements the radiocarbon data (Fig. 3b). In glacial 

sediments, the average CaCO3 was ~53 %, showing lower values at the beginning of LGM and an 



increase towards the end of it. At the beginning of deglaciation, CaCO3 began to decline, reducing to 

~54 % during the HS1. During the B-A, there was a sudden increase in CaCO3 content, which further 

reached up to ~62 % at ~ 12 kyr BP. Thereafter CaCO3 content declined into the Holocene with an 

increase during the late Holocene.  

Stable carbon isotopic (δ13C) records of benthic foraminifera Cibicidoides wuellerstorfi showed an 

increasing trend from the LGM to the Holocene (Fig. 3c). Stable carbon isotopic values range from -

0.6 ‰ to 0.4 ‰ for the last 25 kyr BP. The δ13C values remained low at ~ -0.4 ‰ during the LGM and 

HS1. There was a gradual rise in δ13C values through the B-A and YD. This was followed by a short 

drop and then an increase during the Holocene with values reaching up to ~0.4‰ at 4 kyr BP, followed 

by a slight drop in the late Holocene. The oxygen isotopic (δ18O) values showed a decreasing trend 

from the LGM to the Holocene (Fig. 3d). The δ18O values fluctuated between 4.4 ‰ and 2.6 ‰ for the 

last 25 kyr BP. Maximum δ18O values were recorded during LGM and HS1. The δ18O values decreased 

at the B-A, decreased further at the YD and then gradually decreased through the Holocene.  

The percentage of CF ranged from ~12- 24% (Fig. 3e). The major component of the coarse fraction 

was biogenous remains with almost no lithogenous fraction for the last 25 kyr BP. The CF % was low 

during the LGM and HS1. Coarse fraction started to increase from the B-A into the YD, and showed 

a gradual decrease during the Holocene. 

4. Discussion 

4.1 Deep water ventilation changes in the northern Indian Ocean  

Reconstruction of deep water 14C ventilation age along with benthic stable carbon and oxygen isotope, 

CaCO3, and coarse fraction data from the core SSD-044/GC-01 imply changes in deep water 

ventilation/source for the last 25 kyr. The difference between benthic- planktic 14C age was higher 

(~2500-3000 14C years) during the LGM than in the modern ocean (Fig. 3a). These high ventilation 

ages during the LGM indicate a strong stratification between the upper and deep water masses and 

hence poor ventilation existing during that time. We suspect that this poorly ventilated water at our 

core site originated from a glacially isolated deep-water mass. Studies from the Indian Ocean have 

suggested that during the LGM, the export of northern sourced water into the Indian Ocean was 

reduced and was compensated by an increased flow of southern sourced water (Curry et al., 1988). 

Neodymium (Nd) isotope and ventilation age records of deep water masses in the northern Indian 

Ocean have also shown a reduced flow of NADW and an increased penetration of nutrient and CO2-

rich southern sourced water during the LGM (Piotrowski et al., 2009; Lathika 2021; Bang et al., 2021; 

Bharti et al., 2022). Results from a modelling study suggests the LGM ocean circulation state was 



characterized by a weak (10–15 Sv) and relatively shallow (2000–2500 m) NADW cell, and a reduced 

AABW transport (Menviel et al., 2017). A weaker AABW formation rate at the LGM could result 

from the presence of grounded ice over today’s main AABW formation regions such as the Ross and 

Weddell Seas, and/or weakened or equatorward shifted Southern Hemispheric Westerlies (Menviel et 

al., 2017). The overall reduced oceanic ventilation at the LGM thus enhanced the efficiency of the 

oceanic biological pump by enhancing the storage of respired carbon in the ocean interior without 

causing anoxia (Galbraith and Jaccard, 2015; Menviel et al., 2017). Therefore, reduced deep ocean 

ventilation during the glaciation would contribute to lowering atmospheric CO2, with important 

implications for past carbon cycle and climate changes (Skinner et al., 2017). Zhang et al., 2022 state 

that the persistent northward inflow of CDW with corrosive Pacific waters contribution must have 

been responsible for the ventilation of the deep Indian Ocean during the glacial. Thus majority studies 

infer presence of CO2-rich, poorly-ventilated deep-water mass during the glacial, which probably filled 

the deeper parts of the Indian Ocean. 

Variations in CaCO3 content complement our radiocarbon data (Fig. 3b). Low values of CaCO3 are 

recorded during the LGM, which could either be because of low surface productivity, dilution by 

terrigenous influx, or dissolution at the sea floor. Yadav et. al., (2021) have reported high surface 

productivity during the LGM from the same core, and hence low CaCO3 content at the core site is not 

driven by productivity. Dilution can be a factor for this low CaCO3, but the low sedimentation rate 

during the LGM does not support dilution as an important factor (Fig. 2c). Calcium carbonate data is 

consistent with the coarse fraction record from the same core (Fig. 3e). Low coarse fraction along with 

low CaCO3 during the LGM indicates decreased preservation and increased dissolution, implying low 

bottom-water CO3
2- concentration and hence CO2 enriched water prevailing at that time. Thus high 

ventilation age and low CaCO3 suggest less-ventilated (as compared to the modern ocean), CO2-rich 

glacial water prevailed in the northern Indian Ocean.  

The δ13C values of benthic foraminifera can be used as a tracer of deep water circulation, 

complementary to 14C ventilation ages. Benthic foraminifer’s carbon isotopic records from the 

northern Indian Ocean have shown significant changes in deep water chemical characteristics since 

the last glaciation (Kallel et al., 1988; Ahmad et al., 2012). During the LGM, low δ13C values of ~ -

0.4 ‰ were recorded in our core (Fig. 3c), indicating incursion of nutrient-rich and poorly ventilated 

water. This low δ13C is consistent with previously published records from the northern Indian Ocean 

which have been interpreted as reduced export of NADW, which was compensated by increased export 

of nutrient-rich southern sourced water in the Indian Ocean (Duplessy et al., 1984; Naqvi et al., 1994; 

Ahmad et al., 2012; Raza et al., 2014). The glacial-interglacial δ18O shift of ~ 1.4 ‰ (difference 



between the δ18O average of LGM and early Holocene) exceeds the ice volume change by 0.4 ‰, 

which indicates cooler deep waters during the LGM (Fig. 3d). Hence, high δ18O values during the 

LGM can be linked to an increased inflow of cold southern sourced deep water masses into the northern 

Indian Ocean. Thus lowered δ13C and high δ18O support the reduced flow of northern-sourced deep 

waters, countervailed by glacial-aged southern sourced 14C depleted waters at the core site. There is 

also a mismatch between the trend in ventilation ages and δ13C, at ~ 20 kyr (Fig. 3a and c). Though we 

see a drop in ventilation age of ~ 500 yrs, the δ13C remain almost unchanged.  This could occur due to 

increasing air-sea disequilibrium of carbon isotopes with lowered pCO2. Under low atmospheric pCO2 

conditions of the glacials, Δ14C is known to increase, and surface reservoir age to increase by ~250 yrs 

throughout the world ocean (Galbraith et al., 2015).  

Poorer ventilation (high ventilation ages) of deep waters during the last glaciation in comparison to the 

modern, has been noted by other studies in the Indian Ocean (Gottschalk et al., 2020; Bharti et al., 

2022), the Atlantic (Barker et al., 2010; Skinner et al., 2010) and Pacific Ocean (Galbraith et al., 2007; 

Rafter et al., 2022). High ventilation ages of the Indian Ocean along with the records from the other 

oceans suggest significant aging of Southern Ocean deep water (hence, 14C depleted) during the glacial 

time. This 14C depletion could be possibly the result of a decrease in the exchange of gases between 

the atmosphere and deep water during the LGM which led to continuous decay of 14C (Skinner et al., 

2010).  

Similar to the LGM, deep-water ventilation in the northern Indian Ocean during the HS1remained poor 

(Fig. 3a). This period is associated with the melting of icebergs in the North Atlantic. Massive 

discharge of glacial ice and more freshwater input led to the reduced formation and shoaling of the 

NADW and hence resulted in the weakening of AMOC at this time (Elliot et al., 2002; McManus et 

al., 2004). These changes in the production of NADW led to decreased export of NADW into the 

Atlantic (Skinner and Shackleton, 2004; Freeman et al., 2015) and Pacific Ocean (Galbraith et al., 

2007). In the Indian Ocean, stable isotopic and geochemical studies suggest a decrease in the export 

of northern sourced water (Piotrowski et al., 2009; Ahmad et al., 2012; Bharti et al., 2022). 

Intermediate water studies from the Indian Ocean have pointed to an increased export of southern 

sourced water into the Indian Ocean (Jung et al., 2009; Ma et al., 2019; Ma et al., 2020). Direct 

evidence of increased penetration of southern sourced AAIW due to reduced inflow of northern 

sourced water have been reported using 14C (Bryan et al., 2010) and ℇNd (Yu et al., 2018) proxies. 

Therefore, the increased ventilation ages at our core site during the HS1 suggests a reduced export of 

NADW into the northern Indian Ocean. This strongly suggests a greater proportion of southern sourced 



poorly ventilated AABW inflow as a result of NADW shoaling. The high ventilation ages are very 

well correlated with CaCO3 and δ13C values.  

Studies from the Atlantic Ocean (Skinner and Shackleton, 2004; Robinson et al., 2005; Barker et al., 

2010; Skinner et al., 2010) and Pacific Ocean (Galbraith et al., 2007; Marchitto et al., 2007) have 

reflected increased penetration of NADW during the B-A, since the resumption of AMOC led to 

extensive formation of NADW at this time (McManus et al., 2004; Böhm et al., 2015). Stable isotope 

data from the Indian Ocean have also shown an increase in northerly sourced better ventilated water 

during the B-A (Ahmad et al., 2012, Raza et al., 2014; Ma et al., 2019). In addition, Nd isotopic record 

points to an expansion of the NADW in the Indian Ocean (Piotrowski et al., 2009). In our study, the 

HS1 was followed by an abrupt decrease in deep water ventilation age (better ventilation) during the 

B-A (Fig. 3a), suggesting a major shift in deep water circulation. We suspect that this low ventilation 

age could be the result of intensified penetration of better ventilated northern sourced deep water at 

the core site. A shift in CaCO3 to higher values was observed in the B-A with a peak in the YD, 

indicating better preservation of CaCO3 suggests incursion of better ventilated water during this period 

(Fig. 3b). This is also supported by an increase in coarse fraction % beginning from the B-A (Fig. 3e). 

A marked positive shift in δ13C from B-A onwards, indicates a progressive influx of nutrient-depleted 

and better ventilated NADW at the core site.  

This increase in ventilation was followed by a short-term reduction in deep water ventilation during 

the YD. The ventilation age increased by ~ 300 14C years during this cold stadial. This time coincides 

with the partial weakening of the AMOC (McManus et al., 2004). The reduction in NADW formation 

was less intense compared to that during the HS1, which is why the decrease in ventilation during YD 

was less pronounced than HS1 at the core site. Low ventilation age along with high CaCO3 and δ13C 

during the Holocene indicate that the deep waters were well ventilated as compared to the LGM. 

Combined results of ventilation age, CaCO3, δ
13C and δ18O data suggest an increased export of NADW 

during the Holocene and less dominance of southern sourced deep water in the UCDW. 

 4.2 Redistribution of 14C depleted water from the Southern Ocean 

The benthic-planktic ventilation age variations seen in the Indian Oceans studies; cores SSD-044/GC-

01 (this study), RC27-23 (Bryan et al., 2010), SS152/3828 and SS172/4040 (Bharti et al., 2022) are 

consistent with the increase in atmospheric CO2 and atmospheric Δ 14C decline during the deglaciation 

(Fig. 4). Atmospheric CO2 rose in two steps during the deglaciation, during the HS1 and the YD 

(Monnin et al., 2001). Rising deglacial atmospheric CO2 levels are related to the upwelling of deep, 

CO2-rich water masses to the surface of the Southern Ocean (Broecker and Barker, 2007; Anderson et 



al., 2009). Vertical mixing in the Southern Ocean is a result of interference of Antarctic Circumpolar 

Current (ACC) with local bathymetry. At the onset of HS1, deep-ocean 14C ventilation increased until 

16.3 kyr BP, signaling a net loss of remineralized carbon from the deep ocean during that time interval 

as a result of reinvigorated vertical mixing (Core MD12-3396CQ; Gottschalk et al., 2020 and 

references therein). However, our core record does not have sufficient number of data points during 

the LGM and early HS1 to understand if the Southern Ocean signal was transmitted into the northern 

Indian Ocean. Later to ~16.3 kyr BP, ventilation age records from south of 40° S show a return to 

glacial-like condition, which relates to a ventilation decrease, a unique feature of the deep South Indian 

Ocean due to inter-basin differences (Gottschalk et al., 2020). Our ventilation ages are highest at ~3000 

years during the HS1. This inter-basin heterogeneity abruptly dissipated at the end of HS1, when the 

ventilation age and oxygen characteristics of deep waters in the different ocean basins rapidly 

approached prebomb values for the first time throughout the deglaciation (Gottschalk et al., 2020).  

We find a sharp decrease in ventilation ages beginning at ~ 14.6 kyr as observed in the Southern Indian 

Ocean core MD12-3396CQ and deep-se corals from the Drake Passage (Southern Ocean; Burke and 

Robinson, 2012).  The fast increase in 14C and O2 ventilation in the South Indian Ocean at the end of 

HS1, at ~14.6 kyr BP, is linked to a rapid resumption of Atlantic overturning at the onset of the B-A 

warm period, which caused homogenization of the entire South Indian water column, laterally and 

vertically (Gottschalk et al., 2020). The ventilation age records from the northern Indian Ocean along 

with atmospheric Δ 14C (Reimer et al., 2020) relate well to the Southern Ocean upwelling indices (Fig. 

4d) pointing towards the Southern Ocean as the source for redistribution of aged carbon to the other 

oceans, and to the atmosphere (Anderson et al., 2009). 

During the YD, we find a slight increase in ventilation age (poorer ventilation) in core SSD-044/GC-

01 (Fig. 3a). In line with our observation, the South Indian Ocean was a moderate source of carbon to 

the atmosphere during the YD and did not significantly contribute to the late deglacial CO2,atm increase 

(Gottschalk et al., 2020). At the end of YD, however, there was a rapid loss of carbon from the South 

Indian Ocean mediated by stronger Atlantic overturning and wind-driven Ekman pumping (Gottschalk 

et al., 2020). These authors call attention to spatial differences in timing of CO2 release from the 

Southern Ocean, possibly due to lateral variations in the mode and rate of AABW formation and/or 

the efficiency of air-sea gas equilibration. Coinciding with the low ventilation ages in the deep waters 

of the Southern Ocean, aged 14C has been observed in the intermediate waters of the western Arabian 

Sea during the HS1 and YD (Bryan et al., 2010; Fig. 4c). The explanation provided was the release of 

14C-depleted carbon from the deep ocean by renewal of upwelling and mixing in the Southern Ocean 

and further incorporation into thermocline and intermediate water masses of the Southern Ocean, and 



spread northward into the Pacific, Indian and Atlantic Ocean basins (Bryan et al., 2010).  However, an 

outgassing of CO2 at ~14.4-14.2 kyr concomitant to the CO2 increase of 12 ± 1 ppm of the atmosphere 

has been reported from the surface water of the eastern Arabian Sea, which was reasoned to be 

indicative of the upwelling of a nutrient-enriched water mass of Southern Ocean origin (Naik et al., 

2015; Fig. 4e). This observation of CO2 outgassing during the B-A is in agreement with the increase 

in 14C and O2 ventilation in the South Indian Ocean linked to a rapid resumption of Atlantic overturning 

(Gottschalk et al., 2020).  The possible link between near-identical timing of CO2 outgassing from the 

eastern Arabian Sea during the B-A, the improved ventilation of deep-waters of the northern Indian 

Ocean during the B-A (present study), and the increase in 14C and O2 ventilation in the South Indian 

Ocean seems to be the flushing of the deep-ocean carbon pool, not only limited to the Southern Ocean, 

but with a wider impact, in the northern Indian Ocean.  Hence our data supports the hypothesis that 

the Southern Ocean upwelling had a vital role in atmospheric CO2 variation during the deglaciation 

(Anderson et al., 2009; Skinner et al., 2010). Furthermore, our data suggests that the northern Indian 

Ocean could have also contributed to the atmospheric CO2 rise during the deglaciation (specifically 

the B-A). 

5. Conclusions 

The ventilation data from core SSD-044/GC-01 illustrates changes in northern Indian Ocean deep 

water circulation and its relation to climatic changes across the last 25 kyr. The results indicate that 

during the LGM and the HS1, poorly-ventilated CO2-rich glacial water prevailed in the northern Indian 

Ocean.  This suggests a greater proportion of southern sourced poorly ventilated AABW filled up 

majority of the oceans, which could be due to shoaling of the NADW.  A sharp decrease in ventilation 

ages noticed during the B-A coincides with a rapid resumption of Atlantic overturning at the onset of 

the B-A warm period and an abrupt increase in well-ventilated, high-13C NADW flow into the Indian 

Ocean. Furthermore, changes in deep water ventilation are consistent with changes in atmospheric 

Δ14C which implicates changes in carbon exchange between the deep water and atmosphere.  Our 

results thus demonstrate the Southern Ocean's role in ventilation changes of deep waters and hence its 

control over the exchange of 14C between the ocean and atmosphere.  
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Legends to figures: 

Fig. 1. Core location (a) Map showing location of core SSD-044/GC-01 (CEIO; 4.99° N; 76.99° E; 

water depth = 3160 m) along with four other cores discussed in this study (RC27-23-Bryan et al., 2020; 

SS152/3828 and SS172/4040-Bharti et al., 2022; MD12-3396CQ-Gottschalk et al., 2020). The deep 

water circulation of the northern Indian Ocean is shown with blue arrows. (b) a cross-section of the 

Indian Ocean with core location showing modern Δ14C (GLODAPv2; Key et al., 2015; Lauvset et al., 

2016). Both the plots were prepared using Ocean Data View (Schlitzer, 2021). 

Fig. 2. (a) Measured radiocarbon ages of paired benthic and planktic foraminifera versus depth in the 

core SSD-044/GC-01. 14C age of benthic foraminifera (black circles), 14C age of planktic foraminifera 

(orange circles). (b) Undatable age-depth model for the core SSD-044/GC-01. The red line is median, 
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and the blue and black broken lines represent 1σ and 2σ confidence intervals, respectively. *The model 

output of calibrated age (mean and median) at each cm interval along with the uncertainties and 

sediment accumulation rate (SAR) is provided in supplementary material. (c) Sediment accumulation 

rate (cm/kyr) plotted versus age in kyr BP. 

Fig. 3. Graph showing changes in deep water circulation in the northern Indian Ocean during the last 

25 kyr. (a) Ventilation ages (red square) which are plotted as benthic-planktic foraminifera radiocarbon 

age difference from core SSD-044/GC-01. The vertical error bars are the sum of the ± error of the 

planktic and benthic foraminifera.  The horizontal error bars signify the 1σ depth errors. The red arrow 

indicates the modern ventilation age. (b) Calcium carbonate content in the sediment core SSD-044/GC-

01. (c) Stable carbon isotopic data. The green arrow indicates the modern δ13CDIC. (d) stable oxygen 

isotopic data of benthic foraminifera Cibicidoides wuellerstorfi from core SSD-044/GC-01. (e) Coarse 

fraction % (>63 µm) in core SSD-044/GC-01, and (f) sedimentary 231Pa/230Th in core GGC5 

(McManus et al., 2004). Climatic events such as Last Glacial Maxima (LGM), Henrich Stadial 1(HS1), 

Bølling-Allerød (B-A) and Younger Dryas (YD) events are marked by dashed black lines and are 

shaded. 

Fig. 4. Comparison of ventilation ages of the northern Indian Ocean to atmospheric CO2, atmospheric 

Δ14C, and the Southern Ocean upwelling record during the last 25 kyr. (a) Atmospheric CO2 record 

(black circles; Monnin et al., 2001). (b) Atmospheric Δ14C is the IntCal20 calibration curve (grey line; 

Reimer et al., 2020). (c) The ventilation ages of the core SSD-044/GC-01 (red diamonds), core RC27-

23 (orange circles; Bryan et al., 2020), core SS152/3828 (violet inverted triangles; Bharti et al., 2022), 

and core SS172/4040 (purple triangles; Bharti et al., 2022). These ventilation ages are plotted as 

benthic-planktic radiocarbon age differences. The vertical error bars are the sum of the ± error of the 

planktic and benthic foraminifera. (d) Southern Ocean opal flux indicates upwelling in the Southern 

Ocean (Anderson et al., 2009). (e) Outgassing of CO2 from the surface water of the Arabian Sea (Naik 

et al., 2015). Climatic events Last Glacial Maxima (LGM), Henrich Stadial 1(HS1), Bølling-Allerød 

(B-A), and Younger Dryas (YD) events are marked by dashed black lines and are shaded. 
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